We previously have shown that Klf4 is strongly expressed in postmeiotic germ cells of mouse and human testes suggesting a role for Klf4 also during spermiogenesis. In order to analyze its function we deleted Klf4 in germ cells using the Cre-loxP system. Homologous recombination of the Klf4 locus has been confirmed by genomic southern blotting and the absence of the protein in germ cells was demonstrated by Western blotting and immunofluorescence. Despite its important roles in several significant biological settings, deletion of Klf4 in germ cells did not impair spermiogenesis. Histologically, the mutant testes appeared normal and the mice were fertile. In order to identify genes that were regulated by KLF4 in male germ cells we performed microarray analyses using a whole genome array. We identified many genes exhibiting changed expression in mutants even including the telomerase reverse transcriptase mRNA, which is a stem cell marker. However, in summary, the lack of KLF4 alone does not prevent complete spermatogenesis.
Introduction
Spermiogenesis comprises the postmeiotic differentiation of a round, immotile spermatid to a highly specialized spermatozoon. This unique cellular differentiation process involves nuclear condensation, development of the acrosome, growth of the flagellum, and removal of unnecessary cytoplasm including cell organelles as residual body. Spermiogenesis is orchestrated by a number of transcription factors including CREM, which might be considered as the best characterized factor during spermiogenesis (Behr and Weinbauer, 2001; Beissbarth et al., 2003; Sassone-Corsi, 1998) . Male mice lacking CREM do not produce spermatozoa due to a complete arrest at the early round spermatid stage (Blendy et al., 1996; Nantel et al., 1996) . These studies demonstrate that the lack of just a single transcription factor can totally block spermiogenesis. We have shown that also the zinc finger transcription factor Krü ppel-like factor 4 (Klf4) is highly expressed in postmeiotic germ cells of the human and mouse testis (Behr et al., 2007a; Behr and Kaestner, 2002) . KLF4 is known to be involved in important cellular processes, e.g. terminal differentiation of epithelial cells. Keratinocytes and mucosal epithelial cells of the stomach as well as the outer epithelial layer of the cornea fail to differentiate properly in the absence of Klf4 (Katz et al., 2005; Segre et al., 1999; Swamynathan et al., 2007) . Also, correct cell number and lineage allocation of several cell types depends on Klf4 (Feinberg et al., 2007; Katz et al., 2002; Klaewsongkram et al., 2007) . Furthermore, Klf4 has been reported to be an oncogene or tumor suppressor gene, depending on the molecular context in which KLF4 acts (Rowland et al., 2005; Rowland and Peeper, 2006) . Indeed, changed Klf4 expression and subcellular localization of KLF4 have been detected in several types of cancers (Evans and Liu, 2008; Foster et al., 2000; Ohnishi et al., 2003) . Recently, KLF4 has also been identified as an important factor for reprogramming fibroblasts into a pluripotent state which resembles real embryonic stem cells (Okita et al., 2007; Takahashi and Yamanaka, 2006; Wernig et al., 2007) . Finally, we have shown that KLF4 plays a crucial role in testicular Sertoli cells during postnatal development of the germinal epithelium in mice (Godmann et al., 2008) . Due to the implication of KLF4 in these significant biological processes we hypothesized that KLF4 may be essential for complete spermatogenesis.
2.
Experimental procedures 2.1. Derivation of germ cell-specific Klf4 knockout (gc-Klf4-ko) mice
The gc-Klf4-ko mice were obtained using the Cre/loxP technology. Mice with floxed Klf4 exons 2-4 (Godmann et al., 2005) have been described (Klf4 loxP/loxP mice; (Katz et al., 2002) ). These mice were crossed with a transgenic strain, where the Cre recombinase has been knocked into the locus of the tissue non-specific alkaline phosphatase (TNAP) (TNAP +/Cre ) (Lomeli et al., 2000) . Expression of the Cre recombinase under the control of the TNAP gene promoter occurs already in primordial germ cells (PGC) at E9. (Lomeli et al., 2000) were at first mated with mice carrying two floxed Klf4 alleles (Katz et al., 2002 /Klf4 loxP/ko animals as the corresponding controls. Standard genotyping was performed by multiplex polymerase chain reaction using tail DNA as described below (all primers used in this study are listed in Table  1 ). Mice studied were on a mixed genetic background. The animals were maintained under controlled conditions of temperature (21°C), light (12L:12D), and 55% humidity with food and water ad libitum. The mice were housed in the central animal facility of the University of Duisburg-Essen Medical School under conditions according to German animal legislation and in accordance with accepted standards of humane animal care. To collect organ and blood samples, mice were anesthetized with Isofluran (CuraMED Pharma, Karlsruhe, Germany) and killed by decapitation.
Serum testosterone
Blood was collected for serum hormone analysis, stored at 4°C overnight and finally centrifuged (20 min, 3000 rpm, 4°C). The serum was stored at À20°C until assayed. Serum testosterone levels were determined as described (Chandolia et al., 1991) . Statistical analyses were performed as described below.
Tissue processing and immunohistochemistry
Testes were fixed either in Bouin's solution for 12 h and paraffin-embedded or embedded in OCT Tissue Tec compound and frozen in liquid nitrogen. Paraffin-embedded specimens were sectioned at 7 lm, re-hydrated and microwaved in 0.01 M sodium citrate buffer, pH 6.0, for 10 min for antigen retrieval. Endogenous peroxidase was inhibited by incubation with peroxidase blocking reagent (DakoCytomation Carpinteria, CA, USA, LSAB+ system-HRP, K0679). Unspecific binding of the first antibody was blocked by a 30 min incubation step in 0.5% (w/v) BSA in 0.05 mol/L Tris-HCl, 0.15 mol/L NaCl, pH 7.6 (TBS). CREM-1-antibody (Santa Cruz, Biotechnology, Heidelberg, Germany; X-12; sc-440) was used as primary antibody at a 1:600 dilution. All incubation steps were performed in a humidified chamber and incubation with the primary antibody was performed overnight at 4°C. DakoCytomation Universal LSAB Plus-kit (K0679) including biotinylated second antibody polymer and horseradish peroxidase (HRP) conjugated streptavidin was used for detection of bound primary antibody. 3,3 0 -Diaminobenzidine (DAB) chro-mogen was used as substrate for the HRP and Mayer's hematoxylin as counterstain. Control stains were carried out omitting the primary antibody. Frozen tissues were sectioned at 7 lm. Fixation was performed in 4% paraformaldehyde/PBS for 20 min at room temperature, followed by 5 min permeabilization in 0.1% Triton X-100/PBS. Unspecific binding of the first antibody was blocked by a 30 min incubation step in 5% BSA/0.1% Triton X-100/PBS. Polyclonal anti-KLF4 antibody (R&D Systems, Minneapolis, USA; AF3158) was used as primary antibody at a 1:100 dilution and incubation was performed over night at 4°C. The primary antibody was detected using Alexa Fluor 488-conjugated anti-goat antibody (1:1000; Molecular Probes, Invitrogen, Karlsruhe, Germany) and applied to the specimens in combination with Phalloidin-TRITC (1:200; Sigma-Aldrich, Taufkirchen, Germany) to stain F-Actin. Incubation was done for 1 h at room temperature. Specimens were counterstained with 4 0 ,6-diamidino-2-phenylindole (DAPI). Antibodies were diluted in 5% BSA/0.1% Triton X-100/PBS and all incubation steps were performed in a humidified chamber.
PCR on genomic DNA -genotyping
Mice were genotyped as described previously (Godmann et al., 2008) . Primer sequences are given in Table 1 . Genomic DNA from tail was obtained either by Proteinase K digestion of the tissue in non-ionic detergent (NID) buffer (50 mM KCl, 10 mM Tris/Cl, pH 8.3, 2 mM MgCl 2 , 0.1 mg/ml gelatin, 0.45% nonidet P40, 0.45% Tween 20), 56°C overnight, followed by Proteinase K heat inactivation (15 min, 95°C) or in case of testis tissue, by using the Qiagen DNeasy Tissue Kit (Hilden, Germany) following the manufacture's instructions.
Southern blotting
Southern blotting was performed according to Matzuk et al. (1992) ). To generate a specific Southern blot probe, a 1.8 kb genomic fragment upstream of the Klf4 gene was amplified using the AccuTaq LA DNA polymerase system (Sigma-Aldrich, Taufkirchen, Germany). Primer sequences and PCR conditions for the Klf4 gene were mmKlf4-SB-fw1 agc gta agt ctg acg tca acg; mmKlf4-SBre1 gct ctt gga atg cat ctc ttc c; 1· 94°C for 2 min; 35· 94°C for 30 s, 61°C for 25 s, 68°C for 2 min; 1· 68°C for 10 min. The PCR product was subcloned into the pCRII vector (Invitrogen, Karlsruhe, Germany), digested with EcoRI and PstI and gel purified. The resulting 668 bp fragment located outside of the original targeting construct, was used as a probe and hybridized to XbaI-digested genomic DNA. A 6.9 kb fragment (representing the floxed Klf4 allele) and a 4.8 kb fragment (Klf4 null allele after homologous recombination) could be detected.
2.6.
Protein isolation and Western blot analysis 
RNA isolation and cDNA synthesis
Total RNA was extracted using peqGOLD-TriFast (peqLab Biotechnology GmbH, Erlangen, Germany) following manufacturer's instructions. For oligonucleotide microarray analysis, total RNA was additionally purified using the RNeasy Mini Kit (Qiagen, Hilden, Germany). Total RNA (1 lg) was digested with DNase I (Invitrogen, Karlsruhe, Germany) and converted to cDNA with oligo d(T) 18 primers using the MuMLV reverse transcriptase (Invitrogen). Primers are listed in Table 1 .
Quantitative RT-PCR
Quantitative real-time PCRs (q-PCRs) were performed in triplicates on 5 mutant samples and 7 control samples, both groups represent eight weeks old, age-matched mice, using an ABI Prism 7300 Sequence Detector (Applied Biosystems, Weiterstadt, Germany) in a total volume of 20 ll containing 40 ng cDNA, 3.75 pmol gene-specific primers and SYBR Green reagent (Applied Biosystems) with ROX as passive control for signal intensity. The thermal cycle profile was 10 s at 95°C, followed by 40 cycles of 5 s at 95°C and 35 sec at 60°C. Melting curve analysis allowed determination of specificity of the PCR fragments. As an internal standard, each individual sample was normalized to its b-Actin (Actb) mRNA content. Primer sequences for Emid2, Zfp93, Svs5, Tert, and Klotho were designed using the Universal ProbeFinder (Roche) and are available in Table 1 .
Microarray analysis
Testes from control mice (TNAP +/+ /Klf4 loxP/ko ; n = 4) and testes from mice with a homozygous germ cell-specific deletion of the Klf4 allele (TNAP +/Cre /Klf4 loxP/ko ; n = 4) were used for Microarray analysis. All animals were age-matched when they were eight weeks old. Total RNA was extracted and purified as described above. cDNA synthesis and synthesis of biotinylated cRNA were performed as done by Durig et al. (2003) . Each cRNA probe was hybridized to an Affymetrix Gene Chip Mouse Genome 430 2.0 Array (Affymetrix, High Wycombe, USA). This Array contains probe sets representing over 39.000 transcripts. For analysis: Using filter criteria of a 2.0 or greater fold change in expression, all ''present calls'' in at least one group and a pvalue of <0.05 generated from the Mann-Whitney test (equivalent to Wilcoxon rank sum test) produced a list of genes that were differentially expressed. A false discovery rate of 5% was used as a cut off for expressed genes. All genes which showed at least a 2.0-fold change in expression were considered as differentially expressed. Annotation and biological function of these genes were obtained from the NetAffx Analysis Center (Affymetrix), Mouse Genome Informatics (The Jackson Laboratory, http://www.informatics.jax.org/), and Genomics Institute of the Novartis Research Foundation (http://symatlas.gnf.org/ SymAtlas/).
Promoter analysis
Promoters of KLF4 target genes identified by microarray analysis were analyzed in terms of putative KLF4 binding sites. The CACCC motif was found to be bound by KLF4 and other related transcription factors (Garrett-Sinha et al., 1996; Shields and Yang, 1998) . The RRGGYGY (G/AG/AGGC/TGC/T) motif was identified by Shields and Yang (Shields and Yang, 1998) . Both sequences are distinct from each other and do not overlap. Moreover, KLF4 appears to have different binding affinities to the described motifs (Shields and Yang, 1998) . Both binding sites were used to search the promoters (base pairs À1000 to À1 relative to the transcriptional start site) of all genes, which showed at least a 4.0-fold change in expression. Promoter sequences were retrieved using the ''Transcriptional Regulatory Element Database'' (http://rulai.cshl. edu/cgi-bin/TRED/tred.cgi?process=home) (Jiang et al., 2007; Zhao et al., 2005) . Further analyses were performed with the Sequencher Software, Gene Codes Cooperation, Ann Arbor, USA.
Statistical analysis
If not otherwise mentioned, in all experiments presented, a minimum of three control mice (Cre recombinase-negative TNAP +/+ /Klf4 loxP/ko and three germ cell-specific Klf4 knockout mice (TNAP
Results were expressed as the mean ± SD or mean ± SEM. Statistical significance was analyzed by Student's unpaired t test. A value of p < 0.05 was considered significant.
Results

Comparison of transgenic mice carrying targeted Klf4 alleles with wild-type mice
Klf4
loxP/loxP mice have been used in other studies and no abnormalities of development, cellular function or histology have been reported for Cre-negative Klf4 loxP/loxP mice, indicating that the floxed Klf4 allele is functionally wild-type (Feinberg et al., 2007; Godmann et al., 2008; Katz et al., 2005; Klaewsongkram et al., 2007; Swamynathan et al., 2007) . Furthermore, we could not detect any differences in testicular histology between wild-type, Cre-negative Klf4 loxP/loxP and Cre-negative Klf4 loxP/ko mice (data not shown).
Successful deletion of Klf4 in germ cells
In order to prove genomic recombination between the loxP sites introduced into the Klf4 introns 1 and 4 we performed a genomic Southern blot. We used testicular DNA from adult TNAP
loxP/ko mutants (n = 3) and functionally heterozygous adult Cre-negative Klf4 loxP/ko (n = 3) mice as controls. As shown in Fig. 1A , we detected two bands in the control testes indicating the presence of the floxed allele as well as the mutated allele as expected for the Cre-negative Klf4 loxP/ko genotype. Both bands exhibit similar signal intensity. In the mutants, we obtained a strong band representing both, the Klf4 ko allele in all testicular cells and the Cre-loxP-mediated recombined allele in germ cells at 4.8 kb. Very weak signals in mutants at 6.9 kb represent the single non-recombined floxed allele in somatic testicular cells, which represent roughly estimated about 20% of all testicular cells in the adult testis (esti-mation based in parts on Ellis et al. (2004) ). This finally results in the $90:10 ratio (knockout:loxP) of the Southern blot signals in the ko testes analyzed in this study (Fig. 1A , right lane).
Additionally, we performed PCR genotyping on genomic DNA (Fig. 1B) . The two rightmost lanes in Fig. 1B show genomic DNA isolated from adult mutant mouse tail and testis. DNA from tail showed two bands representing the recombined ko-allele (ko, upper band in lower panel), which is present in all cells due to our mating strategy, and one band representing the non-recombined loxP allele. Both bands originating from tail DNA exhibit similar signal intensity. This is in sharp contrast to the ratio of loxP:knockout signals found in the testis of To analyze KLF4 protein levels in mutants and controls, we performed a Western blot analysis using total testis protein extracts isolated from 3 adult (eight weeks old) mice per group (Fig. 1C) . The KLF4 signals were normalized to b-Actin. All mutants analyzed exhibited reduced KLF4 protein levels compared to the corresponding controls. To definitively show that spermatids lack KLF4, immunofluorescent localization of KLF4 was performed on cryosections of testes from adult control and mutant animals. Fig. 1D shows that no KLF4 protein could be detected in germ cells of mutant animals while KLF4 is clearly present in spermatids of the control testis (green fluorescence, spermatids denoted by blue arrows in both conditions). Also, interstitial Leydig cells express KLF4 in both conditions (green fluorescence in interstitial compartment, denoted by red arrows). Thus, Klf4 has been successfully deleted from germ cells in the mutant testis.
Histology and immunohistochemistry
Histological analysis was performed on testes of postnatal day 25, 8 weeks, and P6 month old mutant and control mice (n P 3, per group). No morphological differences could be observed between conditional Klf4 knockout mice at different ages and the corresponding controls. Fig. 2A shows Bouinfixed and HE-stained paraffin testis sections of 8 weeks old control (n = 4) and mutant mice (n = 4). In both groups spermatogenesis was complete with numerous elongated spermatids at spermatogenic stage VIII (Russell et al., 1990) , i.e. the last stage before spermiation. CREM is strongly expressed in round spermatids (Behr et al., 2000; Behr and Weinbauer, 2001 ) and essential for spermiogenesis (Blendy et al., 1996; Nantel et al., 1996) . Since both genes are co-expressed in round spermatids and since we found by TRED analysis (Jiang et al., 2007; Zhao et al., 2005) three putative KLF4 binding sites in the Crem promoter (TRED promoter ID 62523; CACCC motif (Garrett-Sinha et al., 1996) at position À261 to À265; RRGGYGY motif (Shields and Yang, 1998) at positions À225 to À231 and À748 to À754), we tested by immunohistochemistry whether the lack of KLF4 influenced CREM expression in spermatids. But there was no difference in CREM expression detectable between both groups. Also, microarray analysis did not reveal any changes in Crem mRNA expression in the mutant testes further supporting that spermiogenesis proceeds normal in KLF4-deficent germ cells (Fig. 2B) .
Testis weight and fertility
Many mutations in genes with importance for testicular function result in reduced testicular weight of mice. In this study, the normal histological appearance of the mutant testes was accompanied by unchanged testis weight of adult (two-six months) mutant animals (n = 7; 231.43 mg ± 36.96 (mean ± SD)) compared to the age-matched controls (n = 8; 232.82 mg ± 29.51 (mean ± SD); p = 0.9366). Also, male mice lacking KLF4 in spermatids were fertile and produced fertile offspring. The fertility of 10 control breedings (we used those TNAP ) was analyzed over a six month period. Control and mutant breedings showed no differences in numbers of litters and offspring per litter. The pubs of both groups displayed equal ratios with respect to sex and the presence/absence of the Cre transgene. In consideration of our mating strategy and the fact that the constitutive Klf4 knockout leads to early postnatal death (Segre et al., 1999) , litter size was reduced due to the expected percentage of Klf4 null mice (25%). Furthermore, both groups were compared to breedings of TNAP +/+ /Klf4 +/+ · TNAP +/+ /Klf4 loxP/loxP animals with respect to the parameters described above. No differences could be observed among all groups, emphasizing that neither the TNAP +/Cre transgene alone nor the floxed Klf4 alleles influenced fertility.
Serum testosterone levels
Sertoli cell-germ cell interaction is critical for proper function of the germinal epithelium, and spermiogenesis essentially depends on androgen action in Sertoli cells (Holdcraft and Braun, 2004) . Male mice with a hypomorphic androgen receptor allele or a Sertoli cell-specific deletion of the AR exhibited impaired terminal differentiation of spermatids (Holdcraft and Braun, 2004) thus providing evidence for an although indirect, yet important functional link between androgen action in Sertoli cells and spermiogenesis. Furthermore, serum testosterone levels in androgen receptor-affected mice were about 40-fold increased. Since most biological processes are regulated via feed back mechanisms, we wondered whether the lack of KLF4 in spermatids could have a possible (indirect) feed back effect on testosterone levels in mutant mice. Therefore, we checked serum testosterone levels in adult male mutant and control animals. However, there were no significant differences between serum testosterone levels in adult mutant (n = 8; 14.81 nmol/ l ± 35.19 (mean ± SD)) and corresponding control (n = 10; 16.68 nmol/l ± 18.34 (mean ± SD)) mice (p = 0.8861).
Differentially expressed genes
Since KLF4 is a transcription factor, we were interested in its role in the regulation of gene expression in germ cells. Since it is not exactly known when KLF4 protein exerts its function during spermiogenesis, we analyzed the transcriptome of age-matched, adult (8 weeks old) mutant (n = 4) and control (n = 4) testes. Because spermiogenesis proceeds histologically normal in the Klf4-mutant mice it is unlikely that we identified genes that were differentially expressed due to the lack of a certain cell type, e.g. elongating spermatids, as it is the case for instance in CREM-mutant mice, which exhibit a total block of spermiogenesis at the round spermatid stage (Blendy et al., 1996; Nantel et al., 1996) . Thus, it is likely that in the present study we indeed identified genes that were reg-ulated by KLF4 and are not differentially expressed due to the impairment of a certain spermatogenic stage. Using whole genome Affymetrix 430 2.0 microarray chips, we detected 75 probe sets showing statistically significant (p < 0.05) 2-fold or more down-regulation (Table 2) . Since KLF4 can function as a transcriptional activator as well as a repressor we also detected 90 probe sets showing up-regulation of genes (Table  3) . Genomic data were deposited with the NCBI gene expression and hybridization array data repository (GEO, http:// www.ncbi.nlm.nih.gov/geo).
To substantiate the reliability of the microarray screen we also compared expression of a few selected genes in both groups by quantitative real time PCR (Q-PCR; Fig. 3 ). This additional method confirmed differential expression between both groups validating the results of the microarray screen. Q-PCR showed 17-fold reduced steady-state Emid2-mRNA levels in the mutants (microarray: 12.5-fold reduction). We also confirmed by q-PCR increased expression of Svs5 (Seminal vesicle secretion 5; Q-PCR: 4.1-fold increased, microarray:
9.2-, 3.3-, 2.6-, 2.4-fold increased depending on the probe set), Zfp93 (zinc finger protein 93; Q-PCR: 2.4-fold increased, microarray: 2.2-fold increased). We also measured the relative expression levels of Tert (telomerase reverse transcriptase), which was down-regulated in the mutant testes according to the array data. In contrast, by q-PCR, which is, compared to microarray analysis, the more accurate and reliable method for mRNA quantitation, we found a significant up-regulation (2.6-fold increase, p = 0.026) of Tert in the mutant testes. For Klotho, which is also expressed in late spermatids ), we were also not able to confirm significant differential expression. To corroborate a direct regulation of the genes identified by microarray analysis by KLF4 we performed an in silico search for known KLF4 binding sites in the promoters of the genes exhibiting strongly different (>4-up or down-regulated) steady-state mRNA levels. Indeed, 25 of the 32 putative promoter sequences which could be retrieved from the TRED database contained between one and 10 potential KLF4 binding sites (Table 4) . ; loxP) after fixation in Bouin's solution and hematoxylin/eosin staining. Both genotypes exhibit complete spermatogenesis and numerous elongated spermatids at spermatogenic stage VII/VIII. (B) CREM expression in spermatids is indistinguishable between testes of adult mutant mice (ko) and the corresponding controls (loxP). Brown staining indicates positive reactivity. The sections are counterstained with hematoxylin. Negative control stains were carried out omitting the primary antibody.
In order to allocate the identified genes to biological processes with KLF4 involvement, we did an extensive database and literature search (supplementary Table 1 ). The differentially expressed genes were grouped according to the topics given in Fig. 4 . Six out of seven zinc finger transcription factors were up-regulated. In contrast, all five genes in the aberrant expression in cancer-group (depicted are genes that are misregulated in those types of cancers that have been reported to express Klf4 aberrantly as well, e.g. breast, skin, stomach and colon cancer) and all four candidates involved in cell-cell-adhesion were down-regulated. In all other groups, except the small proliferation-group, there were down-as well as up-regulated candidates present. This also includes the large spermatogenesis phenotype-group, which comprises genes whose mutations have a considerable influence on spermatogenesis, as well as the testis expression with unknown functiongroup. Detailed information on the differentially expressed genes in Fig. 4 
Discussion
Krü ppel-like factor 4 mRNA is highly expressed in several tissues and cell types including keratinocytes, epithelial cells of the mucosa of the esophagus, stomach and colon and in peripheral blood leukocytes. In these cells KLF4 is critically involved in differentiation and/or the regulation of proliferation (Jiang et al., 2008; Katz et al., 2005 Katz et al., , 2002 Li et al., 2005; Segre et al., 1999; Shields et al., 1996) . Depending on the molecular context KLF4 has been associated with both tumor suppression as well as tumorigenesis (Rowland et al., 2005; Rowland and Peeper, 2006) . Since the constitutive Klf4 knockout is early postnatally lethal, we used the Cre-loxP technique in this study to specifically knockout Klf4 in testicular germ cells, where Klf4 is highly expressed during the postmeiotic differentiation (Behr et al., 2007a; Behr and Kaestner, 2002) . Surprisingly, germ cell-specific Klf4 ko mice are fertile and show no abnormalities in testicular histology or testis weight and display no changes in serum testosterone levels. The latter indicates, as rather expected for a germ cell-specific mutation, a non-disturbed hypothalamic pituitary gonadal axis. Altogether, our findings in germ cells are in striking contrast to other cell types, where the lack of Klf4 causes severe morphological and functional defects (Feinberg et al., 2007; Katz et al., 2005; Segre et al., 1999; Swamynathan et al., 2007) . This unexpected finding may raise the question whether the deletion of Klf4 in germ cells was complete. Indeed, in a recent publication (Hayashi et al., 2008 ) the excision of a floxed sequence using the TNAP-Cre mouse, which we also used in the present study, had not occurred in progenitors of $3% of fertilizing spermatozoa in test matings (which in turn may, in case of a positive selection for non-mutated sperm cells in this mating assay, stem from an even smaller population of non-affected spermatogonia). In contrast to this study, Kaneda et al. (2004) detected a 100% deletion rate in test matings with male TNAP-Cre mice. Also, the authors demonstrated that PCR-genotyping of germ cells revealed almost completed deletion of the floxed sequence by the newborn stage and complete deletion in adult sperm. Different recombination efficiencies observed in different studies, where the same TNAP-Cre mice have been used, are probably due to the respective floxed genes and not the Cre activity itself (Hayashi et al., 2008; Kaneda et al., 2004; Kehler et al., 2004; Kimura et al., 2003b; Maatouk et al., 2008) . Our own data received by genomic Southern blotting as well as by genotyping PCR on testicular genomic DNA shown in Fig. 1 strongly substantiate that recombination in germ cells occurred quantitatively. Moreover, our immunofluorescence data are evidence of complete absence of KLF4 in germ cells, since we never saw any green fluorescent signal representing KLF4 protein expression in mutant spermatids, while heterozygous control spermatids were clearly stained (Fig. 1D ). This shows that Tables 2 and 3 ).
in the present study the deletion was most likely entire in testicular germ cells.
The TNAP-Cre transgene is already active in primordial germ cells and gonocytes. In case that a primordial germ cell did not undergo Cre-mediated recombination, a whole clone of descended spermatocytes/spermatids (theoretically up to 1024 haploid cells) should have a functional Klf4-allele (Ehmcke et al., 2006) . Thus, in case of incomplete Klf4 deletion, it should be expected that in certain clonal areas of the germinal epithelium not only scattered cells expressing low levels of KLF4 should be present. Rather a considerable number of spermatids should be clearly KLF4 positive (comparable to the signal shown in Fig. 1D , left picture, which shows KLF4 signals in Klf4 heterozygous spermatids). We did not detect any group or even single spermatids in mutant testes showing fluorescence that was comparable to that seen in the controls. Therefore, we are convinced that the deletion in our study is complete. A possible explanation for the difference in the efficiency of Cre-mediated recombination (Hayashi et al., 2008; Kaneda et al., 2004 ) might be the use of different loxP strains.
During spermatogenesis transcription in germ cells is highly orchestrated and follows unique regulatory programs (Eddy, 2002; Hogeveen and Sassone-Corsi, 2006; Kimmins et al., 2004) . Using microarray expression analyses we wanted to further unravel the transcriptional network, in which KLF4 is involved in the late stages of male germ cell development. Interestingly our data indicate an increased expression of several zinc finger proteins belonging to the same family of the Krü ppel C 2 H 2 -type zinc finger proteins as KLF4. Zfp93 and Zfp618 are both expressed in the testis (GNF SymAtlas; http://symatlas.gnf.org/SymAtlas/) with yet unknown functions. The germ cell-specific Klf4 knockout resulted in an over two times higher expression of Zfp93 and Zfp618 in the mutant testes compared to the controls. Thus it is reasonable to hypothesize that these factors might compensate the lack of KLF4. Recently, Jiang and co-workers described that Klf4 and two other members of the Krü ppel-like zinc finger transcription factor family, namely Klf2 and Klf5, are functionally redundant in embryonic stem cells (Jiang et al., 2008) . However, in the present study Klf2 and Klf5 expression were not significantly changed in germ cells. Klf4 has been identified as a member of the magic transcription factor quartet being efficiently able to reprogram differentiated cells into pluripotent ones (Okita et al., 2007; Takahashi and Yamanaka, 2006; Wernig et al., 2007) . Interestingly, the maintenance of the undifferentiated ES cell state requires Oct4, Sox2 and c-Myc, but Klf4 is dispensable. Only a triple knockdown of Klf2, Klf4 and Klf5 disrupted self-renewal of ES cells and led to differentiation of the ES cells (Jiang et al., 2008) . Also, during iPS cell generation, KLF4 can be efficiently replaced by KLF2 (Nakagawa et al., 2008) . Furthermore, in a previous study we also assumed redundancy of Klf4 depletion in testicular Sertoli cells, since only pubertal mutant mice exhibited a disturbance in Sertoli cell differentiation, whereas adult conditional knockout mice were fertile and showed a normal testicular histology (Godmann et al., 2008) . Certainly, further experiments need to be done to analyze possible mechanisms in detail that compensate for the loss of Klf4 in male germ cells. Although there is no evident phenotype with regard to histology and fertility, deletion of Klf4 reveals valuable insights into the transcriptional program of spermatids. Our microarray data identified a huge number of genes, like the most differentially expressed genes in the mutant testes, Emi domain containing 2 (Emi2) and seminal vesicle secretion 5 (Svs5), whose roles in testicular germ cells are as yet unclear. We also found several genes differentially expressed, like germ cell-less homolog (Drosophila) (Kimura et al., 2003a) , whose function in sperm cells is at least partially characterized. Further interesting genes, which are differentially expressed and which may provide further clues to understand the function of KLF4 in spermatids, include the spermatid-expressed zinc finger protein (Zfp) 93 (Behr et al., 2007b; Shannon et al., 1996; Shannon and Stubbs, 1998) , Sox7, Bach2 (Ochiai et al., 2006 (Ochiai et al., , 2008 (Wang et al., 2008) , and Kif17b (Fimia et al., 1999; Macho et al., 2002) . However, although we identified many differentially expressed genes in this study, spermiogenesis appears to be a cell biological process, which is, compared to the function of other cell types lacking Klf4, quite well safeguarded against the lack of Klf4.
The TNAP gene promoter activates Cre expression in the mouse line used in this study already in primordial germ cells (Lomeli et al., 2000) and there is no reason to query that recombination of the Klf4 loxP gene already occurred at that early stage during germ cell development. It has recently been shown by Western blot analysis that KLF4 is already expressed in so-called germ line stem cells (Kanatsu-Shinohara et al., 2008) , which are basically cultured spermatogonial stem cells which retain their spermatogonial stem cell identity in culture over long periods of time (Kanatsu-Shinohara et al., 2004) . We have very recently shown that certain types of human testicular germ cell tumors, namely intratubular germ cell neoplasia unclassified and seminoma (formerly carcinoma in situ), which most likely derive from gonocytes (Rajpert-De Meyts, 2006) , strongly express KLF4 (Godmann et al., 2009) . This is in contrast to most tumors, in which KLF4 is down-regulated. Sporadically, we also detected KLF4 in human gonocytes (Godmann et al., 2009 ), while we were unable to detect KLF4 immunohistochemically in most human gonocyte samples and generally in monkey and mouse gonocytes. These findings shed an interesting light on the fact that the present screen for differentially expressed genes in Klf4-mutant germ cells identified some factors that are known to be expressed in testicular or other types of stem cells or even germ cell tumors. These factors include SFRP1, which is a soluble WNT antagonist (Bafico et al., 1999) Table 1 .
the telomerase reverse transcriptase Tert (Ravindranath et al., 1997) , and Runx1, which is expressed in haematopoietic and hair follicle stem cells and has essential functions in these adult stem cell types (Cai et al., 2000; Osorio et al., 2008) . Thus, we speculate that KLF4 does not only regulate postmeiotic but also gonocyte/spermatogonial gene expression. We therefore hypothesize that KLF4 activity (in concert with other KLFs or zinc finger transcription factors) may play significant roles not only in pluripotent stem cells (Jiang et al., 2008; Li et al., 2005; Okita et al., 2007; Takahashi and Yamanaka, 2006; Wernig et al., 2007) but also in testicular stem cells. Altogether, we provided evidence that the deletion of Klf4 in male mouse germ cells affects the postmeiotic transcriptome including defined transcriptional regulators. Thereby, these data will help to unravel the transcriptional networks and hierarchies controlling spermatid development. However, the microarray data did not reveal a specific biological process or signal transduction pathways that might be controlled by KLF4. In fact, the effects of KLF4 on the transcriptional program of testicular germ cells appear to be rather pleiotropic. Moreover, it is likely, that the function of KLF4 is redundant with other Krü ppel-like factors or even other closely related zinc finger transcription factors, so that simultaneous deletion of two or more factors is needed to demonstrate the function of KLF activity in germ cells. Surprisingly, we also provide clues for an additional role of KLF4 in spermatogonial stem cell regulation. However, to corroborate this hypothesis further detailed studies on this special cell type are necessary. In summary, the lack of KLF4 alone in male germ cells unexpectedly does not prevent spermiogenesis and male fertility.
